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The whitefly-transmitted bipartite geminiviruses cause substantial losses of 
pepper, cucurbits, beans, and other crops in regions of Mexico, the Carribean, and the 
southwestern United States. In this project, several Subgroup ID geminiviruses were 
isolated, cloned, and characterized for the first time. Viruses studied in these 
experiments included TPV, PMTV, SGMV, BCMoV, SLCV, STLCV, and CdTV. 
Dimeric viral clones were constructed and assayed for infectivity by mechanical 
inoculations and gene gun inoculations. Cognate viral DNA infectivity studies (e.g. 
PMTV A and PMTV B) and noncognate viral DNA infectivity studies (e.g. PMTV A and 
SGMV B) were performed in order to determine which viruses may form infectious 
pseudorecombinants. If the replication and movement capabilities of the viral DNA 
components of two different viruses are compatible, then it is likely that these viruses are 
strains of the same virus. Further characterization of each viral DNA clone was obtained 
by restriction site mapping and Southern blot analysis. The plant infectivity studies and 
molecular characterization provided information about putative pseudorecombination of 
viral components and possible relationships among geminiviruses of similar host range 
and geographic origin.
Introduction
Geminiviruses cause devastating diseases among many plants, including several 
economically important crops, throughout the world. The virus family, Geminiviridae, 
consists of three distinct subgroups that are determined upon the basis of host range and 
insect vector specificity (Stanley, 1991). Subgroup I geminiviruses infect monocots and 
are transmitted by leafhoppers. Subgroup II also contains geminiviruses which utilize a 
leafhopper vector; however, the hosts of subgroup II viruses include dicot species. The 
subgroup HI geminiviruses also infect dicots, but they are transmitted by a whitefly 
vector. The hallmark of all geminivirus virions is their geminate particle morphology 
which involves the association of two twin, icosahedral particles with one molecule of 
DNA enclosed inside. Within the proteineceous capsid, the viral genomic material exists 
as single-stranded, circular DNA. Geminivirus infection initiates when the insect vector 
feeds upon the phloem of an infected plant. The stylet of the insect is injected through 
phloem-associated tissues where geminiviruses are harbored. After the insect undergoes 
a latent period in which circulation of the virus to the salivary glands occurs, the insect 
becomes an effective vector for transmitting geminiviruses to host plants (Brown and 
Bird, 1992). After the plant is inoculated with virus, the virus replicates within plant 
cells and travels systemically throughout the plant.
The subgroup in geminiviruses cause significant losses of tomato, pepper, 
tobacco, pumpkin, beans, and other crops in regions of Mexico, the Caribbean, and the 
southwestern United States (Brown and Bird, 1992). Symptoms of viral infection include 
stunted growth, yellow mosaic patterns on leaves, curling and crumpling of leaves, 
discoloration of the veins, and a greatly reduced yield (Brown and Nelson, 1988). The 
typical symptoms of a bipartite geminivirus infection compared to a healthy tobacco
plant (Nicotiana benthamiana) are presented in Figure 1. Subgroup ID geminiviruses are 
uniquely characterized as having a whitefly vector, Bemisia tabaci. However, another 
important aspect of subgroup in geminiviruses involves their genome structure 
(Lazarowitz, 1992). The viral genome is composed of two different molecules of circular 
DNA (about 2.6 kilobases each) which are designated the A and B-DNAs. Both genome 
components are essential for viral infectivity, but only one molecule of DNA is 
encapsidated into a viral geminate particle. Although the genomic organization of the A- 
DNA and B-DNA is different, there is a conserved sequence of about 200 nucleotides 
(nt) located on both the A and B components of the same virus. This common region is 
present in all bipartite geminiviruses, but the sequence varies among species of viruses. 
Within the common region, there is a highly conserved 30 nt stem-loop structure known 
as the origin of replication (on). The ori stem-loop is nearly identical in all bipartite 
geminiviruses, and it is the site for the initiation of viral DNA replication. The viral 
replication inititation protein nicks a specific region near the ori of a double-stranded 
DNA intermediate, and a host polymerase along with other factors allows viral 
replication to proceed by a rolling-circle method (Stenger et al., 1991).
The function and genomic organization of the six genes of bipartite geminiviruses 
are described in a review by Lazarowitz (1992). Figure 2 presents a genetic map of the A 
and B-DNA components of Subgroup in geminiviruses. The A component has four 
genes: replication (AC1), transactivation (AC2), replication efficiency (AC3), and the 
coat protein (AVI). By studying the effects of the A-DNA on protoplasts or transgenic 
plants, it was possible to conclude that all the genes needed for replication and 
encapsidation are located on the A-DNA (Rogers et al., 1986). According to Lazarowitz 
(1992), the AC1 open reading frame encodes for the replication initiation protein. With 
DNA binding affinity and strand-specific nicking activity, the rep protein is the only viral 
gene product essential for virus replication. Unlike AC1, AC3 is not mandatory for viral 
replication; however, AC3 does enhance DNA synthesis by interacting with AC1 and
promoting the expression of early replication genes. AC2 encodes for a protein which 
transactivates late gene expression of movement proteins and the coat protein. The viral 
coat protein, AVI, offers protection to the single-stranded genomic DNA, but the coat 
protein is not directly associated with translocating the virus throughout the plant. 
Movement of the bipartite viruses is mediated by products of the B-DNA open reading 
frames. BC1 and BV1 are required for the systemic, long distance movement and cell-to- 
cell, short distance movement of the virus within a plant. Through studies done on the 
movement proteins of tobacco mosaic virus (TMV), it was demonstrated that the 
movement protein binds to the viral nucleic acids and alters the topology of the genome 
so that it may pass through thecintracellular junctions within plant tissue, or 
plasmodesmata (Citovsky et. al, 1990). Consequently, the movement proteins of 
bipartite geminiviruses are imperative for translocation of the virus in the infected plant. 
Since there are no genes for autonomous replication encoded by the B-DNA, trans-acting 
replication elements from the A DNA are necessary in order for the B-DNA to replicated.
Mixed infections of different strains of geminiviruses have been described by 
Stenger and Ostrow (1996) in a study of beet curly top virus (BCTV) isolates. Also, 
Brown and Bird (1992) discuss how mixtures of whitefly-transmitted viruses may 
accumulate in one plant and how this adds to the difficulty in diagnosing plant diseases. 
Particularly in the case of the bipartite geminiviruses, mixed infections of different 
strains of a virus may result in pseudorecombination or recombination of the viral genetic 
components (A and B-DNAs). Pseudorecombination of Subgroup IE geminiviruses 
involves the reassortment of the A-DNA of one virus with the B-DNA of another closely 
related strain. Consequently, an A-DNA may support the replication of a B-DNA of a 
different strain, and the B-DNA would contribute to the movement of the noncognate A- 
DNA. An experiment performed by Hou and Gilbertson (1996) demonstrated how 
pseudorecombination of two closely related bipartite geminiviruses leads to the 
development of a highly pathogenic virus after several serial passages. Under certain
selection pressures, the pseudorecombinants intermolecularly recombined so that each 
viral component contained the common region of only one of the viruses (1996). With 
the potential to create genetic variability within a viral population, pseudo- 
recombination, as well as recombination, are effective strategies for the modulation of 
viral evolution. Stanley (1991) suggests that the variability present in mixed infections 
may attribute to the proliferation of geminiviruses. Thus, mixed infections augment the 
possibility of pseudorecombination and recombination events that occur within bipartite 
geminivirus populations. This genetic variability may result in viral evolution under 
selective pressures.
As long as an A-DNA and a B-DNA of any bipartite virus are compatible, then 
the two components must belong to the same virus, but could perhaps be derived from 
different strains (Stanley, 1991). This concept is important to consider when describing 
new viral pathogens. Within regions of Mexico, the southwestern U.S., and the 
Caribbean, there have been many recent identifications of new bipartite, whitefly- 
transmitted geminiviruses. Although these viruses produce unique symptoms in the 
described host, it is possible that the viruses may participate in pseudorecombination and 
actually may be strains of the same virus. By isolating the specific viral components of 
each described virus, it is possible to study the relatedness of each of the viruses by 
performing plant infectivity studies. Viruses that have been described throughout regions 
of Mexico and the southwestern U.S. which are of interest to these experiments include 
the pepper-infecting viruses: Texas pepper virus-distortion and mosaic strains (TPV-D 
and TPV-M), pepper mild tigre virus (PMTV), serrano golden mosaic virus (SGMV), 
chino del tomato virus (CdTV), and Sinaloa tomato leaf curl virus (STLCV). Cucurbit- 
infecting viruses studied include two strains of squash leaf curl virus (SLCV): SLCV 10 
and WAZWY. Finally, a newly described virus of beans, bean calico mosaic virus 
(BCMoV), is further characterized in these studies. A summary of each virus is included
Texas pepper virus disease was first observed in the fall of 1987, and it was soon 
isolated and characterized as a bipartite geminivirus by Stenger et al. (1990). TPV 
produces leaf curling and distortion symptoms in peppers, tomatoes, tobacco, and other 
plants. There are two recognized strains of TPV currently characterized: TPV-distortion 
and TPV-mosaic (Stenger, unpublished). The mosaic strain is highly pathogenic and 
causes foliar discoloration patterns known as "mosaic." TPV-distortion does not produce 
a mosaic pattern, and the symptoms of this strain are less severe. Both TPV strains are 
mechanically transimissible with the cognate DNA components or as pseudo- 
recombinants. TPV shares many of the same hosts as SGMV, PMTV, STLCV, and 
CdTV.
Other pepper-infecting bipartite geminiviruses include serrano golden mosaic 
virus and pepper mild tigre virus. SGMV was initially observed in Sinaloa, Mexico and 
was described by Brown and Poulos in 1990. Like TPV, SGMV is mechanically 
transmissible and infects species of tomatoes and peppers with similar symptoms. 
However, PMTV is not mechanically transmissible, and PMTV infections result in 
milder symptoms in pepper and tomato hosts (Brown and Nelson, 1989). Regardless of 
these distinctions, PMTV, SGMV, and TPV share many similarities, such as location of 
origination, host range, and symptoms, which may infer that these viruses are actually 
strains of the same species.
Chino del tomato virus (Brown and Nelson, 1988) and Sinaloa tomato leaf curl 
virus (Brown and Nelson, 1993) are both Subgroup III whitefly-transmitted geminiviruses 
which were isolated in Sinaloa, Mexico. Both viruses infect tomatoes, peppers, and 
tobacco, but only STLCV is a mechanically transmissible virus. Epidemics of CdTV are 
directly correlated to high levels of whitefly populations in the agricultural regions of 
Sinaloa, Mexico (Brown and Nelson, 1988). Both STLCV and CdTV have the potential 
to diminish tomato production in areas of Mexico and the United States.
Squash leaf curl virus (Flock and Mayhew, 1981) has been described in cucurbits 
throughout the southwestern United States, including California. SLC V infects squash, 
pumpkins, melons, cucumbers, and watermelons, but there are different strains of SLCV 
with specific host ranges. The SLCV-E strain, which can infect squash, beans, and 
tobacco, has a wider host range than the SLCV-R strain, which cannot infect species of 
tobacco. Other strains of SLCV include the watermelon-infecting WAZWY strain from 
Arizona. SLCV is mechanically transmissible, and it produces leaf curling and foliar 
distortion symptoms similar to those caused by some other geminiviruses. Also closely 
related to SLCV is a recently described bean virus, bean calico mosaic virus (Loniello et 
al., 1992). Plants infected with BCMoV have similar symptoms to plants infected with 
bean golden mosaic virus (BGMV). There is speculation that BCMoV may represent a 
bean-adapted strain of SLCV, but further future analysis of the host range and genetic 
sequence of BCMoV are required to develop precise relationships (Stenger and Brown, 
unpublished).
The scope of this project is to isolate and clone the previously described bipartite 
geminiviruses originating from regions of Mexico and the southwestern United States. 
The relationships of different viruses may be determined using techniques such as blot 
hybridizations, plant infectivity studies, and the molecular characterization of the viral 
genetic material. With increased knowledge about the infectivity capacity and molecular 
structure of these viruses, it may be possible to understand more about bipartite 
geminivirus etiology and detection of geminiviral diseases.
M aterials and Methods
Isolation and cloning o f viral DNA.
Several plant DNA samples that were extracted from infected plants (obtained 
from J.K. Brown and D.C. Stenger) were cut with various restriction endonucleases and 
separated by gel electrophoresis. Restriction site identification for cloning was 
determined by Southern blot analysis using an RNA probe of a closely-related virus. The 
restriction endonuclease which cut the viral replicative form DNA into one complete 
linear molecule was the enzyme used for cloning the viral DNA. Digested DNA of about 
2.6 Kb was isolated from the total plant DNA preparation on a 1% agarose gel using the 
Gene Clean II system. The isolated DNA was then ligated to the E. coli plasmid vector, 
pGEM 7zf+ at the multiple cloning site. Transformation via electroporation of the 
ligation mix into competent E. coli cells produced clones (sometimes) containing viral 
inserts. Clones were screened by colony hybridization blots using the respective RNA 
probe. Finally, large-scale plasmid isolations and restriction mapping verified the 
existence of full-length viral clones.
Hybridization o f Riboprobes
Synthesis of radioactively-labeled (P-32) ribonucleic acid probes allowed for the 
detection of viral DNA in several plant or plasmid DNA preparations in a method similar 
to Stenger et a l (1992). The specific templates for the riboprobes used are listed in 
Table 2.
The riboprobe of choice for each experiment was based on the host range and 
background data of the virus of interest. In general, TPV riboprobes were used to probe 
the pepper viruses like PMTV, SGMV, CdTV, and STLCV. SLCV riboprobes were used
to probe WAZWY and BCMoV. A special probe of CdTV was prepared as a DNA probe 
and designed to facilitate the cloning of CdTV and STLC V.
Infectivity studies.
Before attempting the inoculation of plants with cloned viral DNAs, it was 
necessaiy to construct clones containing tandemly repeated (dimer) inserts for more 
efficient infectivity as described by Hayes et al. (1988). The original unit-length 
(monomer) clones were digested with the cloning enzyme to produce two DNA 
fragments: a completely cut insert (2.6 Kb) and a partially cut insert and vector (5.6 Kb). 
Using the Gene Clean II system, the fragments were isolated from the 1% agarose gel, 
and a ligation reaction between the two fragments was performed. Electroporation of the 
ligation mix into competent E.coli cells allowed for replication of the inserted DNA. 
Rapid screening detected clones consisting of two adjacent, complete viral inserts in an 
E.coli plasmid. The dimeric clones were isolated by performing large scale plasmid 
isolations. For pPMTV H6, a B-DNA, we were unable to construct a dimeric clone. 
Instead, the monomer clone was prepared for the infectivity experiments by digestion 
with the cloning enzyme (Hindlll), and then it was mechanically inoculated onto plants 
as described below.
The experimental plant of choice was a species of tobacco, Nicotiana 
benthamiana. The plants were cultivated in several stages and eventually resided in a 
greenhouse. Inoculation of plants occurred approximately three to four weeks after 
germination. Mechanical inoculation of N. benthamiana involved preparing a mixture of 
100 u\ of each desired A and B DNA, TE (Tris-EDTA buffer), and diatomaceous earth or 
celite. Then, 25 u\ of the inoculation mix was applied onto the three youngest leaves and 
gently rubbed using a sterile glass rod. After application, the leaves were rinsed with 
water. Symptoms developed within two weeks of inoculation. Within three weeks of
inoculation, the total plant DNA was extracted from plants of each treatment and 
analyzed for viral DNA by Southern blot hybridization.
Restriction Mapping
The molecular characterization of the cloned geminiviruses was based upon 
comparing the restriction maps of each clone. Clones were digested using the following 
restriction endonucleases in single or double digests: Apal, BamHl, BglR, Bstxl, Clal, 
Csp45I, EcoRA, EcoRV, HindUl, Kpnl, Nco\, Pvull, Sacl, Safi, Seal, SpeI, Sspl, Xbal, and 
Xhol. The reaction was run on a 1% agarose gel, and restriction maps were prepared by 
analyzing the gel electrophoresis data of each reaction.
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Results
Several A and B DNA components were isolated and cloned from each of the 
following viruses: TPV-distortion and mosaic, PMTV, SGMV (Some clones of TPV, 
PMTV and SGMV were provided by D. Stenger.), STLCV, CdTV, BCMoV, SLCV, and 
WAZWY. Additionally, dimeric tandem repeat constructs of selected clones were 
prepared for infectivity studies. A list of clones and chosen dimers appears in Table 3. 
Results from plant infectivity studies of cognate clones are listed in Table 4, and the 
pepper virus plant infectivity results are presented in Tables 5 and 6. The A-DNA dimers 
were tested with the cognate B-DNA dimers as well as B-DNA dimers of closely related 
viruses (pseudorecombinants) for mechanical infectivity on N. benthamiana. The 
pseudorecombinant infectivity studies were determined based primarily upon host range 
of the geminivirus. Because the mechanical transmission infectivity studies present 
several limitations, Dr. J.K. Brown tested many cognate and pseudorecombinant viruses 
for infectivity using gene gun inoculations. This techniques offers an alternative 
determination of compatibility among viruses. Finally, restriction maps of the pepper- 
infecting geminiviruses (Figures 3 and 4) were constructed from the restriction 
endonuclease agarose gel data.
Discussion
According to the infectivity data of the pepper viruses presented in Table 5 and 6, 
every A-DNA dimer is infectious with at least one pepper virus B-DNA dimer, except the 
pSGMV X42-D (A-DNA) and pSGMV Hl-D (B DNA) clones. The three B-DNAs that 
are infectious vary in their compatibility with different A-DNAs. For example, pTPV- 
MB-1D can produce symptoms on plants when coinoculated with pSGMV X26-D, 
pSGMV X33-D, pTPV-DA-lD, pTPV-MA-lD, and pPMTV E2-D. However, pTPV-DB- 
1D can not produce symptoms when coinoculated with pPMTV E2-D, but it does cause 
infectivity with the other clones, pSGMV X26-D, pSGMV X33-D, pTPV-DA-lD, and 
pTPV-MA-lD. Also, the B-DNA, pPMTV H6, was demonstrated to only be infectious 
with pSGMV X33-D and pTPV-MA-lD. The incomplete pseudorecombinant infectivity 
suggests that there is divergence among PMTV, TPV-mosaic, TPV-distortion, and 
SGMV. Significant genetic divergence produces the inability of two viral components to 
be compatible and infect a plant. Either the B-DNA can no longer move the A-DNA 
throughout the plant, or the A-DNA can not replicate the B-DNA. Since infection 
requires both an A and a B-DNA component, incompatible viruses often are 
disfunctional. For this reason, some of the pepper viral components are not infectious as 
particular pseudorecombinants. In the case of pSGMV Hl-D, it is not compatible with 
any of the pseudorecombinants or its cognate SGMV A-DNA clones. This is likely due 
to the lack of mechanical transmissibility of this virus because gene gun-inoculated 
pSGMV X26-D and pSGMV Hl-D will produce symptoms on peppers.
Besides strict incompatibility of the viral components, there are several other 
factors which may result in negative infectivity results of the viral clones. As 
demonstrated with the SGMV clones, mechanical inoculation of the clones directly onto 
the leaf may not be an effective method for infectivity. A gene gun apparatus which
inserts the DNA directly into the plant cells is a superior method for attempting 
infectivity. Experiments testing pseudorecombination utilizing a gene gun are definitely 
worthwhile future experiments. Another factor which may attribute to the negative 
infectivity of viral clones is the use of N. benthamiana as a host organism. N. 
benthamiana may not be the most conducive system for pseudorecombinant pepper virus 
replication, even though N. benthamiana may be contained within the host range of a 
virus. Also, there may be a limitation with the number of experiments performed. 
Perhaps a low infectivity rate of some pseudorecombinants would be detectable if more 
experiments were completed.
Regardless of these limitations, there is compatibility among some of the 
pseudorecombinant clones. The restriction endonuclease maps of the pepper viruses A 
and B-DNAs demonstrates the high homology among each virus. As long as the cis and 
trans elements of crucial open reading frames remain compatible, then the 
pseudorecombinant viruses should be infectious, regardless of genetic variability. TPV- 
distortion and TPV-mosaic have already been designated as two strains of the same virus, 
and thus, the pseudorecombinants of each of these viruses are fully infectious. On the 
other hand, the relativity of SGMV, TPV-distortion, TPV-mosaic, and PMTV cannot be 
determined from this data because there is not complete pseudorecombinant infectivity 
among all of the pepper viruses. Consequently, these pepper viruses cannot be declared 
strains of the same virus by this data alone. Critical gene gun experiments will help 
confirm the possibility of pseudorecombinant infectivity of these viruses while 
eliminating the other factors that may cause negative infectivity results. Additionally, 
sequence data of critical cis elements will contribute to understanding the homology 
among the pepper viruses.
The cloning of bean calico mosaic virus will allow for further characterization of 
this recently described geminivirus. Since the BCMoV clones were not mechanically 
infectious on N. benthamiana, it is necessary to determine the host range and symptoms
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\ ^ /  of this vims utilizing the gene gun technique. Experiments performed by Brown
(unpublished) have demonstrated that the A-DNA clone pBCMoV C58-D and the B- 
DNA clone pBCMoVC4-D are infectious when inoculated with the gene gun. The lack 
of mechanical transmissibility may infer more about the homology of BCMoV, although 
Loniello et. ah (1992) suggested that BCMoV has about 85% homology to SLCV, a 
mechanically transmissible virus. Thus, further studies in-progress (Stenger and Brown, 
unpublished) which include sequence analysis and more infectivity studies will allow for 
the complete characterization and classification of BCMoV.
The other clones prepared in these experiments will also contribute to the further 
identification and classification of the viral diseases. In particular, the two designated 
tomato viruses, chino del tomato virus and Sinallo tomato leaf curl hybridized weakly to 
TPV probes in a Southern blot. This suggests these viruses could also be related to the 
pepper viruses focused on in this study. The possibility of pseudorecombination among 
^  CdTV, STLCV, and TPV, PMTV, and SGMV is very significant because there is an
increased probability of a similar target for developing viral-resistant plants. For 
example, if all the viruses have a common replication initiation protein (gene AC1), then 
it may be possible to genetically engineer plants to combat the rep protein with some 
transgene product. These are definitely future experiments that need to be pursued. 
Likewise, the cloned strains of squash leaf curl, WAZWY and SLCV 10, may share 
characteristics with SLCV that will permit the development of transgenic plants resistant 
to all of these viruses.
There have been many descriptions of variation in geminiviruses, including that 
of Stenger (1995), and often this variation results in divergence of a virus into different 
strains. The mechanisms for genetic variability in geminiviruses are molecular 
recombination, pseudorecombination of components during mixed infections, and 
mutations due tothe host cell DNA polymerase, mutagens, or other factors. In the case of 
^  bipartite geminiviruses, the necessity for two viral components and the common
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occurrence of mixed infections make pseudorecombination a favorable mechanism for 
genetic variability. As long as the pseudorecombinants are compatible with a host and 
they can withstand selection pressures, there is the opportunity for these viral strains to 
persist in the environment Eventually two strains of a virus may diverge into completely 
different viruses because the A and B-DNA components are no longer compatible.
Modes of evolution, such as selection, genetic drift, and migration, modulate the 
prevalence of new strains of viruses. Unfortunately, new viral strains may be 
synonymous with more agricultural and economic problems. Consequently, there is a 
need for increased study of geminiviral diseases of plants to learn more about the biology 
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Figure 1: N. benthamiana infected with pseudorecombinant geminiviruses (TPV MA and 
PMTV B) is featured in the top photo. The bottom photo compares a healthy plant 
(right) to the diseased plant (left).
21
Figure 2: The organization of the six common genes located on the circular, single- 
stranded genome of a bipartite geminivirus. The A-DNA contains genes involved in 
replication and the coat protein. The B-DNA has two open reading frames which encode 
movement proteins.
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Table 1: Bipartite geminiviruses studied in these experiments are listed and described in 
the table above.
Cloned DNA Templates for Riboprobes
Component Plasmid DNA strand detected Linearizing enzyme
TPV: A DNA pTPV-DA-lD complementary sense BamHI
A DNA pTPV-DA-lD virion sense X hol
B DNA pTPV-DB-lD complementary sense Xhol
BDNA pTPV-DB-lD virion sense BamHI
SLCV:A DNA pSLCV 10-S46 complementary sense H indm
A DNA pSLCV 10-S46 virion sense Bstxl
BD NA pSLCV 10-El complementary sense Xhol
BD NA pSLCV 10-El virion sense H indm
Table 2: The clones used as DNA templates to transcribe riboprobes are presented in this 
table. In general, TPV riboprobes were used to probe PMTV, SGMV, CdTV, and 
STLCV. SLCV riboprobes were used to probe WAZWY and BCMoV.
Subgroup m  Geminivirus Clone Chart
V i r a l  C l o n e  N a m e D N A  C o m p o n e n t C l o n i n g  R e s t r i c t i o n  S i t e V i r a l  C l o n e  p r o v i d e d  b y :
p T P V D A - l * A C s p 4 5 I S t e n g e r
p T P V M A - 1 * A C s p 4 5 I S t e n g e r
p T P V D B - 1 * B H i n d l l l S t e n g e r
p T P V M B - 1 * B H i n d l l l S t e n g e r
p P M T V E l A E c o R I S t e n g e r
p P M T V  E 2 * A E c o R I S t e n g e r
p P M T V  H 1 2 A H i n d l l l S t e n g e r
p P M T V  H I B H i n d l l l S t e n g e r
p P M T V  H 6 B H i n d m S t e n g e r
p S G M V  X 2 6 * A X b a l Q s t r o w
p S G M V  X 3 3 * A X b a l O s t r o w
p S G M V  X 4 2 * A X b a l O s t r o w
p S G M V  X 4 5 A X b a l O s t r o w
p S G M V  X 5 4 A X b a l O s t r o w
p S G M V  X 5 6 A X b a l O s t r o w
p S G M V  E l B E c o R I S t e n g e r
p S G M V  H I * B H i n d m S t e n g e r
p S L C V  E 3 A 1 A E c o R I S t e n g e r
p S L C V  1 0  S 4 6 A S a c I O s t r o w
p S L C V  B 4 B B a m H I S t e n g e r
p S L C V  1 0  E l B E c o R I O s t r o w
p B C M o V  C 2 5 A C s p 4 5 I O s t r o w
p B C M o V  C 5 8 A C s p 4 5 I O s t r o w
p B C M o V  C 4 B C s p 4 5 I O s t r o w
p B C M o V  C 1 8 B C s p 4 5 I O s t r o w
p W A Z W Y  E 6 A E c o R I O s t r o w
p W A Z W Y  E 2 5 A E c o R I O s t r o w
p W A Z W Y  E 3 1 * A E c o R I O s t r o w
p W A Z W Y  E 4 5 A E c o R I O s t r o w
p W A Z W Y  S 8 A S a c I O s t r o w
p W A Z W Y  S I  5 A S a c I O s t r o w
p W A Z W Y  S 2 9 A S a c I O s t r o w
p W A Z W Y  S 5 5 A S a c I O s t r o w
p W A Z W Y  E 2 7 * B E c o R I O s t r o w
p W A Z W Y  E 5 3 B E c o R I O s t r o w
p W A Z W Y  E 8 3 B E c o R I O s t r o w
p W A Z W Y  E 9 5 B E c o R I O s t r o w
p C d T V  H 6 A H i n d m O s t r o w
p C d T V  H 8 A H i n d m O s t r o w
p C d T V  B 4 7 B B a m H I O s t r o w
p C d T V  B 5 2 B B a m H I O s t r o w
p C d T V  B 8 0 B B a m H I O s t r o w
p C d T V  H 1 7 B H i n d m O s t r o w
p C d T V  H 2 1 B H i n d m O s t r o w
p C d T V  H 2 4 B H i n d m O s t r o w
p S T L C V  C 3 5 A C s p 4 5 I O s t r o w
p S T L C V  C 8 9 A C s p 4 5 I O s t r o w
p S T L C V  C 1 0 1 A C s p 4 5 I O s t r o w
p S T L C V  C l  5 0 A C s p 4 5 I O s t r o w
p S T L C V  S 2 5 B S a c I O s t r o w
p S T L C V  S 2 7 B S a c I O s t r o w
p S T L C V  S 3 7 B S a c I O s t r o w
p S T L C V  S 4 0 B S a c I O s t r o w
Table 3: The clones marked by (*) are plasmids used to prepare dimers for infectivity studies. 
The WAZWY dimers for pWAZWY E27 and pWAZWY E31 were prepared by R.J. Sitenga and 
C.L. McMahon.
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Prepared Clones of Geminiviruses and Cognate Clone Infectivity
A-DNA
Clone
B-DNA Clone Mechanical infectivity 
with cognate clones?
Gene Gun infectivity 
with cognate clones?
pTPV DA-1 pTPV DB-1 Yes Yes

























pSLCV 10-El No Yes
Table 4: This table describes all of the clones which were tested for infectivity with the 
cognate clones. The mechanical inoculations were performed on N. benthamiana. The 
gene gun inoculations were performed on specific host plants. (The gene gun data was 
provided by Judy K. Brown at Arizona State University.)
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Infectivity o f M echanical Inoculations on Nicotiana benthamiana








pSGMV X26-D  
(A)
0/8 7/8 8/8 0/8
pSGMV X33-D  
(A)
0/8 6/8 8/8 1/8
pSGMV X42-D  
(A)
0/8 0/0 0/8 0/8
pTPV-DA-lD
(A)
0/8 8/8 8/8 0/8
pTPV-M A-lD
(A)
0/8 4/8 5/8 1/8
pPMTV E2-D  
JA )____________
0/8 0/8 4/8 0/8
Table 5: The infectivity data of cognate and pseudorecombinant component inoculations 
is presented in the table above. Symptoms were diagnosed and recorded two-three weeks 
after inoculations.
More Infectivity Studies of M echanical Inoculations on N. benthamiana
pSGMV H1-D(B) pTPV-DB-ID (B) pTPV MB-1D (B) pPMTV H6(B)
pSGMV X26-D (A) 0/6 in progress 6/6 0/6
pSGMV X33-D (A) 0/6 in progress 5/6 3/6
pTPV-DA-1 D (A) 0/6 N/A N/A 1/6
pTPV-MA-1 D (A) 0/6 N/A N/A 0/6
pPMTV E2-D (A) 0/6 0/6 1/6 0/6
pPMTV H12 (A) 0/6 0/6 0/6 0/6
Table 6: Repeated infectivity data confirms the accuracy of the initial infectivity data of 
the pepper-infecting viral clones. Since clones with a low infectivity rate may have only 
been infectious in one trial, it was necessary to repeat these infectivity studies.
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Figure 4: Restriction maps of the pepper-infecting virus B-DNAs.
